Introduction 29
Atmospheric chemical and physical processes are tightly coupled in air quality simulations 30 (Karamchandani et al., 2012) . A general operating hypothesis of most urban air quality grid-31 based models is that primary air pollutants emitted from vehicles, industry or other sources 32 are instantaneously well-mixed or distributed within the entire model grid-cell which contains 33 the emissions (Auger and Legras, 2007) . The grid-averaged emission rates of primary air 34 pollutants are normally used as an input representing the mean gridded emissions (Denby et 35 al., 2011) in atmospheric chemical models and the concentration in the canopy layer is 36 modelled as one box representing the canopy layer for the entire grid cell. However, in reality 37 these surface emissions vary, and exhibit a high temporal and spatial heterogeneous 38 distribution at the sub-grid scale, referred to as surface sub-grid emission heterogeneity 39 5 chemical species inside each box are well-mixed) can be simply applied and computationally 107 inexpensive simulated. The model is written in FORTRAN77 language and run using 108 FACSIMILE 4 integrator (Curtis and Sweetenham, 1987) . A reduced chemical scheme 109
(RCS), developed by Bright et al. (2013) , is used as the chemical mechanism within the 110 photochemical box models. The detailed model configuration is described as follows. 111 derived from the "two-box" model (Box 1 and Box 2 in Figure 1 ). This error is expressed as 128
Model Setup
We may also interpret 
Where, C i,0 (ppb) is the concentration of i th species by volume in Box 0, Similarly, the system of equations in the "two-box" model (Box 1 and Box 2) can be 140 expressed as follows: 141
In Equations (4) and (5), all symbols are as those in Equation (3) but for Box 1 and Box 2, 144
respectively. In our model, we assume that
 is the heterogeneity of emissions for the two- 
Thus the concentrations C i,m and the chemical production rate rates and background conditions, respectively. It is noted that, from (2), (6)-(9), we have 
Intensity of segregation 171
In order to characterise the sub-grid scale variability due to incomplete mixing, a widely used 172 dimensionless number, the intensity of segregation (Krol et al., 2000) chemical processes (Hilst, 1998) . For a second-order reaction A+B  C in a heterogeneously 182 system (i.e. the "two-box" model in this study), the formation of C (Vinuesa and de Arellano, 183 2005) can be described as follows, 184
is the effective second-order rate constant for formation of C in the "two-186 box" model which can be represented by 187 ratio of primary NO to NO 2 emission rate is 9:1, while the relative fractional VOCs emission 215 rates are 44% for C 2 H 4 , 19% for C 3 H 6 , 25% for HCHO and 12% for CH 3 CHO (as mixing 216 ratio by volume) for all the scenarios. 217
In this study we focus on the effects of two parameters,  (heterogeneity of emissions) and w t 218 (exchange velocity), on i  and other characteristics. Table 1 gives an overview of the two 219 parameters for all cases. For each case, the corresponding one photochemical box model (i.e. 220 the "one-box" model, Box 0) and two segregated photochemical box models (i.e. the "two-221 box" model, Box 1 and Box 2) were run. The heterogeneity of emissions () is set at a value 222 of 0.5 and the exchange velocity (w t ) is set as 0.02 m s -1 in the base case, "BASE". The value 223 of =0.5 implies that the emissions into Box 1 (or Box 2) is 50% higher (or lower) than the 224 averaged emissions parameterized into Box 0. In reality, this is often the case; within an 225
Eulerian cell of an urban air quality model, some streets may have a much higher level of 226 traffic than others. The value of w t =0.02 m s -1 is adopted based on the result from a large-227 eddy simulation for a street canyon with a 18 m × 18 m cross-section under a neutral 228 condition if the reference wind speed is about 2 m s -1 (Cai, 2012) . 229
In order to account for the segregation effect due to variations of  and w t , we examine in 230 detail the cases in which  and w t are perturbed by 40%, respectively. Case HE-L and HE-H 231 (see Table 1 for definitions) have been configured for 40% lower and higher , respectively, 232 than 0.5, while keeping the same w t as that of Case BASE. To consider the effect of exchange 233 velocity (w t ), we set up the cases of EX-L and EX-H for 40% lower and higher w t , 234 respectively, than 0.02 m s varies when the canyon aspect ratio (H/W, where H is the building height and W is the street 237 width) is altered from 1 to a higher or lower value (e.g. Chung and Liu, 2013) and that urban 238 surface heating may enhance w t significantly (e.g. Cai, 2012) . (ppb), i.e. the "true" concentration derived from the "two-box" model, 242
for all cases listed in Table 1 as a function of E NOx and E VOCs , once the simulations had 243 reached a quasi-steady state (here defined as at t =4 hr). The ranges of
for all cases are 244 listed in Table 2 , which reveals that the range of HE-L exhibits the same slope with the E VOCs :E NOx ratio (by volume) of 2.6, and the slopes of 254 the RSL are 1.9 for Cases EX-L and 3.4 for Cases EX-H (listed in Table 2 ). Therefore, we 255 may conclude that the slope of the RSL depends on w t but not on , and that the higher w t , the 256 higher the slope of the RSL. In Region I, the titration effect of O 3 by NO is dominant and 257 therefore leads to the net destruction of O 3 (i.e. lower than the background levels increases. By 2020 it 293 will be very close to the background level, particularly for Case EX-L for which the canopy 294 layer is less ventilated. A higher ozone concentration also occurs to Case EX-L when E VOCs is 295 very high for the "Fixed E NOx " scenario (Figure 3(a) ) or when E NOx is very low for the "Fixed 296 E VOCs " scenario (Figure 3(b) ). The results show a nonlinear relationship between the O 3 297
concentration and E VOCs and/or E NOx , which is in line with many previous studies (e.
cases with the TRES are about 20 ppb with a small variation across those scenarios tested. 300
However, the analysis below demonstrates that these concentrations by the "two-box" model 301 will be significantly underestimated by the "one-box" model. Table 2 ). However, there are noticeable shifts of the 316 RSL (discussed above) and the isopleths patterns associated with the variation of w t . The 317 trajectory from 2005 to 2020 falls into the underestimation area (i.e. Region I), and is marked 318 in the plot for each case. In Region II for all the cases, the O 3 levels will be slightly over-319 estimated up to 3.07 % obtained for Case HE-H (Table 2) . 320 However it is worth mentioning some secondary features that are counter intuititive, and thus 357 not easily interpreted. Firstly, there exists a threshold of (E NOx , E VOCs ) below which, and 358 another threshold of (E NOx , E VOCs ) above which, year, which indicates that in the future the performance of the "one-box" model will be better. 376
The underestimates of O 3 concentration by the "one-box" model for the year 2020 are -3.91% 377
for Case BASE, -1.41% for Case HE-L, -7.60% for Case HE-H, -2.27% for Case EX-L and -378 3.47% for Case EX-H, respectively. for all cases listed in Table 1 at the quasi-steady state (t=4 hr) as a function of E NOx and E VOCs . 382
It is interesting to notice that the RSL (defined above) of each case divides the plot area into 383 two regions, i.e. Region I where Note: "BASE" is the base case. "HE" denotes the heterogeneity of emissions, while "EX" means the exchange velocity. "L" or "H" represents a lower or higher value than the corresponding component in the base Case BASE. 
